The number of waste tires has been increasing as an impact of rapidly growing number of vehicles and becomes a global environmental concern. The environmental impact can be reduced by converting the waste tires to crumb rubber and reusing it as a replacement of fine aggregates in asphalt mixture. Dense graded cold mixtures asphalt design was developed for rubberized mixtures with up to 100% (by weight) crumb rubber replacement. Series of laboratory testing were performed for evaluating the Marshall stability and volumetric properties of rubberized cold mixture asphalt. The findings of this laboratory study indicated that Marshall stability and volumetric properties of these mixtures were affected by crumb rubber percentage. Although the use of crumb rubber in cold mixture asphalt could decrease the mechanical and volumetric properties of mixtures, but still has a great potential as a partial fine aggregate replacement in cold mixture asphalt. Rubberized cold mixture asphalt could be considered as a flexible pavement subjected to low traffic medium load.
Introduction
A serious problem that lead to environmental pollution is the increase of waste tires disposal. The environmental impact can be reduced by converting this tire waste to crumb rubber and reusing it to replace fine aggregate in asphalt mixture. Several studies presented the application of crumb rubber in asphalt mixtures as flexible pavement [1] [2] [3] [4] [5] .
Crumb rubber from waste tires is widely used as a bitumen modifier (in the wet process) or as a substitute of part of a mineral component (aggregate) in asphalt mixtures (in the dry process) for use in asphalt-rubber mixtures for construction of pavement layers.
Cold Mixture Asphalt (CMA) is a pavement mixture using bitumen emulsion without heating the materials and mixed at ambient temperature. The mixtures set when the water evaporates. CMA consists of two types of mixtures, dense graded and open graded emulsion mixture. Dense graded mixtures contain selected aggregate including fines material and filler. Open graded mixture, on the contrary, contain aggregate without fine aggregate.
The present study has been undertaken in order to develop a CMA incorporating crumb rubber into mixtures. This study investigates the mechanical and volumetric properties of CMA containing crumb rubber. The rubberized CMA was produced by replacing part of fine aggregates with crumb rubber by varying the percentage of crumb rubber. The use of crumb rubber as a fine aggregate replacement in CMA is considered as a sustainable material in pavement construction.
Materials and Experimental Design
This study investigated the effect of crumb rubber as fine aggregate replacement in cold mixture asphalt. Crumb rubber was supplied by a local industry, which was produced from waste tire rubber. In this study, crumb rubber #40 (0.42 mm) was used as the replacement of fine aggregates in CMA. Four percentage; 25%, 50%, 75%, and 100% by weight of fine aggregates are considered in this study. The difference in density of fine aggregates crumb rubber was taken into consideration while replacing. Each design mixture was prepared for three samples. At first stage, 15 samples for unmodified cold mixture asphalts were investigated to determine the optimum bitumen content (OBC). The next stage required a total of 45 samples to investigate the possibility of the crumb rubber utilization as fine aggregate replacement.
Aggregates
In this study, local aggregates were utilized to make the CMA. The use of local aggregates, which has lower quality material, is in order to reduce the energy consumption for the transport of aggregates from quarry to site. It is still acceptable for low volume traffic pavement. The coarse and fine aggregates ( Figure 1 ) used for this study was supplied from Banyuwangi quarry, East Java Province in Indonesia. Aggregates with maximum size of 15 mm were used as coarse aggregates. The physical properties and specifications of aggregates are shown in Error! Reference source not found. according to the specification limits of the Department of Public Works of Indonesia [6] .
Figure 1. The Coarse and Fine Aggregates
Fly ash type C ( Figure 2 ) was applied in all sample mixtures as a filler material at 2% of total mass of aggregates. The use of fly ash was to accelerate the Marshall stability of CMA. As it is known that CMA has weak early life strength as emulsion bitumen in mixture contains water and need long curing time to evaporate water content. There was a significant enhancement in properties of cold asphalt mixtures incorporating of fly ash [7] . Fly ash Type C as filler material, passed sieve 0.075 mm (No. 200), as a waste material, was taken from Paiton Power Plant in East Java.
Figure 2. Fly ash type C

Bitumen Emulsion
Bitumen emulsion consists of three main ingredients; bitumen, water, and emulsifier agent. The emulsion bitumen used in this study was CSS-1h. This type is a cationic slow setting asphalt emulsion. Bitumen emulsions are classified based on the type of surface charge. The electrical charge of the bitumen is to improve adhesion properties with aggregates being used in mixtures. Slow setting emulsions make the setting process very slow, which give sufficient time for uniform blending of the mixtures. The properties and specifications of bitumen emulsion are shown in Table 2 .
Crumb Rubber
Crumb rubber is a term usually applied to recycled rubber from automotive and truck scrap tires. Crumb Rubber is made from selected waste tire which no longer be contaminated by steel wire or nylon. There are two major technologies for producing crumb rubber -ambient mechanical grinding and cryogenic grinding. The cryogenic system is used to reduce the material in size and then to remove the metals. In this study, crumb rubber (CR) #40 (0.42 mm) was used as the replacement of fine aggregates in dense graded cold mixture asphalt ( Figure 3 ). 
Cold Asphalt Mixtures
First stage in this study was to determine the Optimum Bitumen Content (OBC) of Cold Mixtures Asphalt (CMA). According to the previous studies [8] [9] [10] , the OBC is determined by optimizing all Marshall properties, especially soaked stability and porosity or Void in Mixture (VIM). Before producing CMA samples, the percentage of initial residual asphalt content (P), by mass of total mixture, was estimated using the formula as shown in Equation 1 [11] .
The values A, B, and C were determined based on the aggregate gradation for dense graded emulsion mixtures (DGEM) Type IV as shown in 
The value X is residue asphalt in bitumen emulsion = 63.46% as shown in Table 2 . The value of initial emulsion content was determined at 9%.
The aggregate gradation for each CMA is shown in Figure 4 based on the specifications in Table 3 .
Based on the results of initial emulsion content, samples were prepared with variation of bitumen content at two points above and two points below the initial emulsion content 9% in interval of 0.5%. Three cylindrical Marshall samples were prepared at each bitumen emulsion contents, yielding a total of 5 specimens. Each sample was made with 101.6 mm diameter, approximately 70 mm height and 1200 g of mass. The materials were mixed in room temperature. Mixtures were then placed in the Marshall moulds and compacted with 75 blows of the Marshall compactor on each side of the samples. After compaction, all the moulds containing mixture samples were cured for one day at room temperature. After that, samples were taken out and kept one day in an oven at 40°C. Then, the samples were removed from oven and stored one day at room temperature. The samples were then tested for Marshall Stability at room temperature. 
Results and Discussion
The Marshall properties of the DGEMs type IV for a variation in bitumen content are shown in Figures 5 to 9. It is shown that all properties of design mixtures meet the requirement and specifications, as shown in Table 4 . The main parameters are considered as the soaked stability and porosity or Void in Mixture (VIM) [9] . By optimizing soaked stability and VIM [10] , which is maximum soaked stability and minimum VIM, as shown in Figures 5 and 6 , the OBC was determined to be at 8%. Meanwhile, other parameters were within standard requirement. VMA and VFB are not specified in dense graded CMA.
This study designed CMA samples at previously determined OBC as the control mixture and four variations of rubberized CMA samples at OBC. Each type of mixtures consisted of three samples. Crumb rubber #40 (0.42 mm) was used as the replacement for four various percentage of fine aggregates in CMA, as 25%, 50%, 75%, and 100% by weight of fine aggregates. In this study, aggregates with maximum size of 2.36 mm were considered as fine aggregates.
Considering the different densities of crumb rubber and fine aggregates, the replacement with crumb rubber was conducted with an equal volume of crumb rubber. Finally, the samples were cured for different times, 3 and 7 days respectively, at room temperature prior to Marshall stability test.
Figure 10. Effect of Crumb rubber (CR) Content on Soaked Stability
The Marshall stability of samples was measured for without curing time (0), 3 days of curing time, and 7 days. Overall, it is clearly shown in Figure 10 that the Marshall soaked stability of each control and crumb rubber mixtures increase over the curing time of 3 and 7 days. The increase of stability of CMA is greatly affected by the evaporation of water content in the mixtures. It is observed that the Marshall stability reduced significantly as the amount of crumb rubber as replacement of fine aggregates increased. However, crumb rubber content up to 75% showed good result in stability and meet the minimum requirement for design mixtures. When crumb rubber content increases, the asphalt mixture become more flexible. This could cause instability under loading condition, which is shown by high deformation of mixture. In Figure 11 , it is shown that the increase in crumb rubber content in the mixture was followed by an increase the porosity or VIM. The allowable percentage of porosity is between 5 and 10 percent for dense grades cold mixture asphalt (DGEM Type IV). The porosity is related to the durability of an asphalt pavement. High porosity in the mixture provides passageways for the entrance of damaging air and water. On the other hand, low porosity in the mixture leads to flushing, which excess bitumen is squeezed out of the mixture to the surface. As shown in Figure 12 , thin film asphalt (TFA) was increasing as the crumb rubber content increased. TFA increased as the surface area of the aggregate is decreased, as the amount of crumb rubber as replacement of fine aggregates increased. Table 5 shows the variation of Marshall properties of sample mixtures for 7 days of curing time when crumb rubber was used to replace the fine aggregates. Table 5 also shows that the rubberized mixtures have a good comparison to hot mixture asphalt (HMA) specification. At 25% of CR replacement, all properties of mixture are within the specified limit of dense graded mixture (DGEM type IV). In addition, CMA with 25% of CR as fine aggregates replacement is comparable to HRS-A specification [12] . Crumb rubber was proved to have effects on the dense graded cold mixture asphalt and has a great potential to be applied for pavements subjected to low traffic volume loads.
Conclusions
Based on the findings of the series of laboratory testing, the conclusions of this study are described as follows, 1. Crumb rubber has a great potential as partial fine aggregates replacement in cold mixture asphalt. At 25% of crumb rubber replacement, all properties of mixture are within the specified limit of dense graded cold mixture. 2. The higher amount of crumb rubber tends to decrease the strength of asphalt mixture which is followed by the increase of mixture porosity. 3. At 25% of crumb rubber replacement, properties of mixture is also comparable to hot mixture asphalt (Hot Rolled Sheet Wearing Course) specification. Therefore, rubberized cold mixture asphalt has a great potential to be applied for pavements subjected to low traffic volume loads.
